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We are grateful to T. Clutton-Brock, P. Kappeler Increased catchment erosion and nutrient loading are commonly recognized impacts of deforestation on global wetlands. In contrast, an increase in water availability in deforested catchments is well known in modern studies but is rarely considered when evaluating past human impacts. We used a Budyko water balance approach, a meta-analysis of global wetland response to deforestation, and paleoecological studies from Australasia to explore this issue. After complete deforestation, we demonstrated that water available to wetlands increases by up to 15% of annual precipitation. This can convert ephemeral swamps to permanent lakes or even create new wetlands. This effect is globally significant, with 9 to 12% of wetlands affected, including 20 to 40% of Ramsar wetlands, but is widely unrecognized because human impact studies rarely test for it.
T he quality and quantity of water delivered to wetland ecosystems (including lakes) are key drivers of biodiversity and ecosystem function. There has been a major focus on the impact of catchment deforestation and changing land use on the quality of water draining to wetlands (e.g., nutrient and sediment loads) (1, 2), but there has been little attention paid to the legacy of deforestation on the water balance of wetlands. This is an important oversight, because hydrological studies have shown that cleared areas (grasslands and croplands) have about a one-third lower amount of actual evapotranspiration (ET) than do forests over a wide range of climates (3) . This has the effect of increasing water yields from deforested catchments (4-10) and should also increase the water available to wetlands ( fig. S1 ). Deforestation may therefore alter wetland ecosystems by increasing water depth and persistence and may even create new wetlands. This mechanism has previously been attributed to the onset of peat formation in Western Europe~5000 years ago (11) , when humans first began large-scale deforestation in these catchments. How this impact should be manifest in terms of wetland hydrology and ecology in the wider spectrum of global deforestation and climate regimes has so far escaped attention.
We first explored this potential impact conceptually using the Budyko hypothesis (12), which expresses the partitioning of water within catchments according to the annual supply and demand of atmospheric water. This widely used approach normalizes atmospheric demand [potential evaporation (EP)] and actual evaporation (E) to supply (precipitation, P) and hence is more useful than methods that only estimate absolute changes in EP (13) . It assumes that over annual time scales, changes in soil and groundwater storages are small and can be related to catchment water yield (Q Y ) and other effects such as deforestation (3) . We used a well-defined relationship for the reduction in ET due to complete catchment deforestation (forest to grassland or cropland conversion) in the context of the Budyko hypothesis to predict normalized increases in water yield (Q Y /P) (14) . We find that Q Y /P should increase slowly in water-limited environments (EP/P > 1), reach a maximum close to the boundary between water-and energy-limited environments (EP/P ≈ 1), and decline very sharply within energy-limited environments (EP/P < 1) (Fig. 1 ). Extra water available to wetlands within deforested catchments is equivalent to 10 to 15% of annual rainfall when catchment EP/P is within the wide range of 0.4 to 2.2.
We used the relationship between water yield and EP/P derived from the Budyko water balance analysis with a global wetland database of 245,000 wetlands to investigate the effect of deforestation on global wetland hydrology (14) . There is considerable uncertainty surrounding the distribution of forest in the absence of clearance by humans (15), so we used a range of potential natural forest cover estimates in our calculations ( fig. S4 and table S1). Nine to 12% of global wetlands, including 20 to 40% of Ramsar wetlands, are situated in formerly forested areas. Water yield has increased by up to 460 mm in these catchments (Fig. 1, figs . S5 to S7, and table S2). In catchments with extremely high P, local water gain can exceed 600 mm ( Fig. 2A) . How this translates to hydrological changes in individual wetlands depends on the ratio of the catchment to wetland area and hypsometry. Wetlands with higher catchment-to-lake area ratios will have larger impacts, as will shallow and/or ephemeral systems, where these changes are amplified (16) .
To expand on the Budyko analysis, we performed a global meta-analysis on 317 wetland sites where Holocene deforestation and changes in the wetlands have been recorded (14) (Fig.  2B and database S1) . A significant increase in Fig. 1 . Predicted changes in catchment hydrology due to deforestation based on the Budyko water balance analysis (14) . The potential increase in catchment water yield after deforestation (Q Y ) is calculated as a fraction of the catchment P and is depicted as Q Y /P (red curve). Values for Q Y /P depend on the ratio of EP to P in the catchment. Q Y /P is largest (≥0.1) in the gray shaded area, where EP/P is between 0.4 and 2.2. The relationship between EP/P and Q Y /P was used to calculate the actual increase in Q Y for wetlands in deforested areas depicted in Fig. 2A (blue circles, n = 25,264 wetlands: see fig. S6 for the wetland locations). Q Y /P translates into ≤460 mm of extra water yield in these catchments (mean = 125 mm, SD = 85).The peak in calculated catchment water yield values lies to the left of the Q Y /P peak, because actual P values are much higher in energy-limited environments ( fig. S5 ). Where the initial forest cover was naturally low or deforestation is not complete, Q Y may be an overestimate. Fig. 1 (14) . In extreme circumstances, this increase in water yield may be as large as 600 mm. The locations of the paleoecological records presented in this paper-Little Llangothlin Lagoon (LLL) and Lake Emma (LE)-are shown. (B) Colored circles indicate the localities of 317 studies in the meta-analysis of Holocene wetland response to catchment deforestation (database S1). Sites are color-coded based on whether the studies used aquatic proxies (such as diatoms) and whether a hydrological response to deforestation was detected. Hydrological responses to deforestation include wetland formation and increased water depth and/or persistence. (C) A summary of the response of wetlands in the meta-analysis to deforestation. The detection of post-deforestation increases in water yield was higher in the subset of wetlands that used aquatic proxies. Hydrological changes are more important than eutrophication and increased sedimentation rates in swamps.
catchment water yield and change in wetland hydrology was recorded in 18% (57) of these sites (Fig. 2C) . This understates the significance of this phenomenon, because 112 sites in the database did not include analyses for proxies that might enable hydrological changes to be detected (such as aquatic pollen or diatoms) (Fig. 2B) . When only sites with suitable aquatic proxies are considered, the number of clearly affected wetlands increases to 28%. This approaches the percentage of wetlands where betterrecognized post-deforestation changes, such as eutrophication or increases in sedimentation rate, have been reported (Fig. 2C) . We suspect that this is still an underestimation of the actual magnitude of the hydrological legacy of deforestation, because most of the studies in the database were not designed to examine changes in hydrology.
Obvious changes (such as wetland formation or the conversion of swamps to lakes) are more likely to be detected after the fact, whereas more subtle changes (such as increases in depth in deep lakes) are unlikely to be observed. This argument is supported by the fact that detection of a hydrological change was more common in swamps than lakes (Fig. 2C) .
We provide two case studies from Australasia to illustrate how post-deforestation hydrological changes can result in a major alteration of wetland ecology. These studies also demonstrate how this effect can be missed by paleoecological studies, even if they do use suitable proxies to detect hydrological change. We examined a paleoecological record from New Zealand and one from Australia in areas where eutrophication and increased sedimentation rates are assumed to be the major effects of deforestation (17, 18) . We reconstructed hydrological changes (14) from a wetland on the eastern side of the South Island, New Zealand (Lake Emma), and on the New England Tablelands of New South Wales in Australia (Little Llangothlin Lagoon) ( Fig. 2A, fig. S8 , and fig. S11 ). Changes in fossil pollen (Fig. 3A) indicate widespread deforestation near Lake Emma after initial human (Māori) settlement in~1250 CE (19) . At Little Llangothlin Lagoon (Fig. 3B) , European deforestation started in the 1860s and peaked in the 1870s (20) . Both sites have remained deforested since then.
We used nonbiting midge (Chironomidae) fossils to reconstruct relative changes in water depth during the late Holocene in Lake Emma (Fig. 3A ) (14) . The water level increased after Māori deforestation~700 years ago to levels not experienced in this lake for many thousands of years (Fig. 3A) . In addition, ephemeral lake beds at Spider Lakes close to this study site ( fig. S8 ) have a basal age of 480 T 180 calandar years before the present, indicating that these now shallow (<1 m deep) intermittent lakes were non-swamp hollows before Māori deforestation. In Little Llangothlin Lagoon, high concentrations of aquatic plant and animal remains do not appear in the record until after European impact (Fig. 3B) . In particular, aquatic invertebrate fossils (cladocera and chironomids) are not consistently present until after~1860 CE (Fig. 3B) , indicating permanent water in Little Llangothlin Lagoon for the first time in several thousand years. Records from elsewhere in Little Llangothlin Lagoon also support the reconstruction from this site ( fig. S12 ). In summary, our records demonstrate that the main impact of deforestation at these sites is an increase in available water to the wetlands and not increased catchment erosion or nutrient loading.
Available palaeoclimate records from Australia and New Zealand show no evidence of wetter climates, either after Māori settlement of New Zealand or European settlement of eastern Australia (21) (22) (23) (24) (25) . In addition, the Budyko approach highlights the fact that small changes in climate (P and EP) are only significant for notably wateror energy-limited environments (i.e., very high or low EP/P), where wetlands are more sensitive (19) . Deforestation reduced ET in the lake catchment, increased water yield, and therefore increased lake water depth. A deep-water period earlier in the Holocene (~10,000 to 6000 years ago) was driven by climate. FAD, first appearance datum; BP, before the present. (B) Little Llangothlin Lagoon, Australia.The lagoon was mostly dry for at least 1000 years before European deforestation (~1860 to 1870 CE). The appearance of Characeae (charophytes) after 1860 indicates the increased persistence of water in the lagoon.The presence of aquatic invertebrate remains (cladocera and chironomids) marks the onset of permanent standing water. Longer records from elsewhere in the lagoon confirm the absence of standing water in the lagoon before deforestation for many thousands of years ( fig. S12 ).
to changes in P and EP, respectively. In practice, this means that a major change in climate would be required to replicate the impacts of deforestation within the more moderate EP/P ranges (EP/P~0.4 to 2.2) in these wetland catchments. Therefore, the observed increases in water yield in the Australasian paleoecological records are better explained by deforestation rather than climate change.
We conclude that increased water yield is a critical factor in the evolution and maintenance of wetlands in deforested regions. These findings have implications for the way we study and manage global lakes and wetlands. Studies should be designed to examine baseline hydrological conditions in deforested wetlands and not just changes in sedimentation rate or trophic status. Reconstructions of past wetland environments have largely failed to recognize enhanced water availability as a consequence of human disturbance. The additional water yield may result in much more water being available for ecosystem functioning, particularly in subhumid regions. From a management point of view, the reforestation of wetland catchments may drastically alter this water balance, and in some cases, the protected wetland will cease to exist. Therefore, wetland management practices and policies that include catchment reforestation as a stated goal also need to consider the potential hydrological consequences before being implemented.
